ABSTRACT. Understanding the behaviour of acoustic signals in marine sediments is of great importance for applied coastal studies. In areas with high suspended sediment concentration, the detection and delineation of these fluid mud layers are imperative for the determination of nautical depths (navigability) and dredging projects. Herein, we investigate the response of the acoustic signal according to the frequency and surface sediments characteristics (grain size and density). The dataset was collected along the Amazon inner shelf (North Brazil), including high-frequency acoustic data (3.5, 33 and 210 kHz), surface sediment physical properties, in situ bottom density and suspended particulate matter derived from optical backscatter sensors. Results show a cross-shelf transition from a sandy to a muddy bottom, followed by a decrease in sediment seabed density. Acoustic data also show this transition, illustrated by different levels of signal penetration. Statistical analysis relating the geophysical records and the physical properties of the sediments showed that density was a determining variable for the interpretation of surface acoustic reflection. 
INTRODUCTION
Sediment physical properties are known to be the main variables controlling how acoustic waves interact with the seabed, but different phases in sediment consolidation (including water and gas content) may also influence on acoustic behaviour (Hamilton & Bachman, 1982; Lambert et al., 2002) . Attempts to develop mathematical models that describe the behaviour of acoustic waves in sediments have been conducted for decades (Stoll, 1980) . However, an effective, unified method to describe this process has been difficult to achieve due to the almost unlimited combinations of variables in different sediment types. Thus, several studies have been conducted to investigate the conversion of acoustic parameters on physical properties of sediments and geological interpretations (Hamilton & Bachman, 1982; Lambert et al., 1993; Stevenson et al., 2002; Macedo et al., 2009; Ayres Neto et al., 2013) , allowing the improvement of the seafloor acoustic mapping (Davis et al., 2002; Kim et al., 2004) .
The technical advances of acoustic methods contribute to various human activities, from coastal engineering projects to the management of fishery resources (Kearey et al., 2009) . In terms of coastal engineering application, the mapping of the seabed in areas with large accumulations of fine sediments represents an important scientific challenge regarding the applicability of different acoustic sources. In this scenario, we can point out the distinct acoustic signal response in areas characterized by the occurrence of fluid mud. Fluid mud can be described as a high concentrated sediment suspension with a density of up to 1200 kg/m 3 (McAnally et al., 2007) . Detection and delineation of fluid mud layers are of great importance for the determination of nautical depths (navigability) and dredging projects (Wurpts, 2005; Fontein & Byrd, 2007; Quaresma et al., 2011) . The detection of muddy deposits in high-resolution acoustic data is generally easy to accomplish. However, the acoustic response depends on the frequency used and the physical characteristics of the deposit. For high-frequency sub-bottom profiler data (2-20 kHz), for example, muddy deposits generally have a lower/free seismic reflection signature or are transparent due to the physical characteristics of the sediment (Garcia-Garcia et al., 2004) . In dual frequency echo sounding (e.g. 50 kHz and 210 kHz), muddy deposits can be registered with extended reflectors due to penetration, or are recognised by an echo signal displacement or double echo (Odhiambo & Stephen, 2004) . The displacement of the acoustic signal occurs when the highest frequency is reflected from the seabottom reflector, whereas the lower frequency penetrates the seafloor and is reflected from another subsurface sediment interface.
The case study developed here encompasses the geoacoustic identification of different bottom sediments types on the Amazon shelf. The Amazon shelf is considered critical for navigation (Fernandes, 2010) , mainly due to the tidal range, the presence of thick layers of fluid mud and the mobility of sand banks on the inner shelf.
This work aims to contribute to the understanding and development of underwater geoacoustic through the investigation of high-resolution geophysical data, i.e., the analysis of different acoustic responses with respect to frequency and the physical sedimentary parameters (grain size and density), based on sedimentological data, bathymetric dual frequency and sub-bottom profiler data obtained on the inner shelf of the Amazon River.
METHODOLOGY
This study is based on a data set collected on the inner shelf near the mouth of the Amazon River North Channel. The dataset contains high-resolution geophysical records (dual-frequency echo bathymetry -33 kHz and 210 kHz -and sub-bottom profiler data -3.5 kHz), sedimentological analysis and in situ density measurements of surficial sediment.
The data were collected in June 2012, during a neap tide period, associated with an 11-to 15-m-deep coastal transect perpendicular to the coast, on the main shipping channel. Figure 1 shows the distribution of the 12 stations, with 10 km spacing, near the mouth of the Amazon River North Channel. The geophysical survey was carried out continuously, and at each station, sediment samples, in situ density data and suspended particulate matter data were collected.
Geophysical Data
The acoustic data were collected using three different frequencies: 3.5 kHz, 33 kHz and 210 kHz. The first is a high-resolution resonant source (a Stratabox sub-bottom profiler), and the other two were collected with a dual-frequency echo sounder (Syquest Bathy-500 DF) on the same profiles. The data were acquired continuously; however, the records presented here represent a pattern of each season.
The seismic records were displayed digitally in the Stratabox software, and the data from the dual-frequency echo sounding were interpreted in printed form.
The geoacoustic analysis was based on calculations of the reflection coefficients and attenuation values of the acoustic signal. With the acoustic impedance of different frequencies, it is possible to calculate the reflection coefficient of a particular sedimentary strata. This reflection coefficient (RC) represents the 
where RC is the reflection coefficient and Z is the acoustic impedance of different means (water and sediment, for example), which results from the product of the sound velocity on the medium and the density of the medium. The typical sound velocity values found by Falcão & Ayres Neto (2010) are used for each type of sediment, and these values were used to calculate the acoustic impedance. The calculation of the signal attenuation was based on the study of Hamilton (1972) , who proposed the following equation that relates the frequency and attenuation:
where k is a constant that depends on the sediment type and n is an exponent of the frequency (f).
In situ Density Measurements
Density measurements were performed at each station with a densimeter (Densitune Silt Density Probe -Stema Systems), which has a metallic sensor tuning fork that vibrates at a predetermined frequency. When inserted into sediment, the frequency changes depending on the density of the sediment. The frequency values in millivolts are converted to g/L.
The calibration of the densimeter was conducted in the laboratory using sediment samples collected during the campaign. For preparation of the calibration file, the samples were mixed to a volume of approximately 50 L, so that the densimeter sensor (probe) could be inserted without direct contact with the container. Subsequently, 2 L of sample and 2 L of water were individually withdrawn and weighed. The density of the sediment was determined according to Eq. (3).
where ρ is the density and P is the weight. With the gradual dilution of the sediment with fresh water, three groups were obtained: greater than 1300 g/L, between 1300 and 1070 g/L and less than 1070 g/L. At each dilution step, a new sample of sediment was removed and weighed; its density was both calculated and measured directly with the sensor.
Measurements of Suspended Particulate Matter Concentration
The concentration of suspended particulate matter (SPM) was measured using the optical equipment 3A OBS (Campbell Scientific). The measuring principle of the equipment is based on the fact that the backscattering of light is directly proportional to the amount and size of suspended matter in a sample. The turbidity sensor equipment OBS 3A provided values of turbidity in Nephelometric Turbidity Units (NTU). Thus, a more accurate correlation between the signal from the OBS and the concentration of SPM is necessary to calibrate the equipment.
Surface Sediment
At each station, surface sediment samples were collected with a drag sampler. The samples were processed in the laboratory, which involved processes such as laser particle size analysis (Mastersize 2000, Malvern Instruments) and the calculation of sediment density based on the wet and dry weights of the sample in a known volume (Amos & Sutherland, 1994) .
Statistical Analysis
In the software Primer, a non-metric multidimensional scaling -NMDS (Clarke, 1993) using the Bray-Curtis index was accomplished to identify the relationships of similarity between the sediment properties and the geophysical records. This statistical approach consists of a spatial sorting technique which can be applied to various situations, and is calculated based on a matrix of similarity or dissimilarity (Clarke, 1993) . The similarity coefficient of Bray-Curtis was applied to the matrix of variables for each station after normalization of values, in the statistical program PRIMER. The NMDS calculates the distortion or stress (standardized residual sum of squares), which measures how much the distances in the diagram are different from the original. Thus, a low value of this index indicates that the distances reflect well the original, which facilitates the understanding of the data compared to a matrix of similarities.
The variables involved in this analysis were as follows: maximum penetration reached by the sub-bottom profiler signal (3.5 kHz), average grain size, calculated density of the sediment in the laboratory and reflection coefficient of the surface sediment.
RESULTS

Physical Characteristics of the Surface Sediment
A transition from a sandy bottom to a muddy bottom and a decrease in the density of the superficial sediment (as determined in the laboratory) occurred between stations 2 and 3 (Table 1) . The fluid mud appeared only in the in situ densimeter probe data beginning at station 6, as shown in densimetric profiles (Fig. 2) .
It is important to highlight that the determination of the density of seabed sediments one must have undisturbed samples, and the samples collected from drag samplers are not undisturbed. Thus, the difference among the in situ density values and the calculated density values could be atributed to the collect method.
Acoustic Signal
The geophysical results indicate that a transition from a sandy to a muddy bottom occurs between stations 2 and 3, both in the acoustic records (Table 2 ) and in the calculations of the reflection coefficient presented in Table 1 . As expected, higher reflection coefficients correlate with higher densities and larger grain size. Based on the intensity of the reflection signal from the surface layers, the first two stations are distinguished from the others: the sub-bottom profiler recorded a stronger relatively superficial reflection (with a darker trace), and the two echo bathymetry frequencies did not detect different bottom reflectors, i.e., no echo displacement was present. The displacement of the echo -or double echo -occurs because the highest frequency reflects off of a shallow reflector that does not reflect the lower frequency, due to the acoustic response of the surficial low-density material. Therefore, the lower frequency penetrates farther and reflects off of a subsurface reflector. Hence, the same seafloor can be registered at different depths. In the case of the first two stations, neither echo displacement (Table 2, as seen in station 4) nor extended surface signal trace (Table 2, as seen in station 10) was observed. At the rest of the stations, the surface reflection was weaker (with transparent shallow sedimentary layers), as shown by the values of the reflection coefficient, allowing greater penetration of the acoustic signal and echo displacement of the signal in the echo sounder frequencies. This group (stations 3-12) can be subdivided into stations 3, 4, 5, 6 and 7, which exhibit a small range of reflection coefficient values and sedimentological characteristics; stations 8, 9 and 10, which have very similar densities and reflection coefficients; and stations 11 and 12, which resemble stations 3-7 but have smaller grain sizes and a more marked presence of fluid mud, as recorded by the densimeter.
The data showed consistency between the records of the sub-bottom profiler and the echo bathymetry. Generally, in areas where the seismic reflection was stronger and the seismic signal penetration lower, no echo displacement occurred between the frequencies of the echo sounder.
Statistical Analysis
The physical properties of the sediment (average grain size and density) and acoustic parameters (reflection coefficient -RC and penetration of 3.5 kHz signal) were investigated using the NMDS technique. In this study, the stress value obtained was 0.03, which corresponds to a good ordering, ensuring a good reliability on the interpretation of results (Clarke & Warwick, 2001 ).
According to the plot (Fig. 3) , the density and the reflection coefficient are observed to be well correlated, because the density is part of the RC calculation. In addition, there is a trend of the smaller are the values of these variables, the greater the signal penetration and the greater the grain size (finer on the phi scale). Thus, the signal penetration appears to be inversely correlated with the reflection coefficient because a higher reflection coefficient corresponds to greater reflection of energy from the seabed surface, resulting in less energy propagating into the sediment deposit.
The graph (Fig. 3) shows that the first two stations are somewhat separated from the others, corroborating interpretations initially made based on the geophysical records and the grain size analysis. This group is characterised by coarser grain sizes, low signal penetration and high-reflection coefficients. It is possible to distinguish some other groups, such as the stations 8, 9 and 10. This group features the lowers densities values (ranging between 1349 and 1358 kg/m 3 ) and reflection coefficients (Table 1 ). The grouping of stations 3, 4 and 6 is more associated with the axis of signal penetration, in which these stations showed the highest values of this variable. In addition, the grain size values of this group were, on average, higher compared to the other recognized groups. The last identified group includes stations 5, 7, 11 and 12, with similar characteristics of grain size and signal penetration.
DISCUSSION
The results of the physical characteristics of the sediment and recorded acoustic patterns presented here are consistent with the important work of Akal (1970) , who observed the effects of physical properties on the sound wave reflections at various locations.
This author found a correlation between porosity and the reflection coefficient, noting that lower densities are associated with higher porosities, and weaker reflections. Baldwin et al. (1985) found higher correlations between acoustic impedance and density than between acoustic impedance and grain size, results that are similar to the data set presented here, including the statistical analysis.
According to Eq. (2) described above, the attenuation values should increase with increasing frequency, which is consistent with the acoustic data presented and with other studies (Robb et al., 2006; Macedo et al., 2009 ). The sources used in the data survey emit pulses with the following power specifications: a) 160 dB for the 210 kHz frequency; and b) 175 dB for frequencies of 33 and 3.5 kHz. The calculation of the attenuation rate using the values proposed by Hamilton (1972) for fine sediments (clayey silt) for the constant present in the equation, found the following values: i) 0.61 dB/m for the frequency of 3.5 kHz; ii) 5.08 dB/m for the frequency of 33 kHz; and iii) 28.94 db/m for the frequency of 210 kHz. These values are representative of a homogeneous deposit of clayey silt. Thus, these values do not account for the existing vertical internal variation in the surveyed sedimentary deposits, but are important to understand the observed relationship between signal penetration and frequency of the acoustic source in the records. The acoustic signal penetration was higher at lower frequencies (the wavelength pulse with the lowest resolution) and is also associated with lower sediment densities, which cause less signal attenuation at the surface. However, it should be noted that the internal features of a deposit are also critical to explaining the acoustic pulse attenuation. In the statistical analysis, the grain size was observed to be better correlated with the signal penetration than the density, although the relationship between the density and the signal penetration has indicated to greater penetrations in fine sediments. However, as discussed previously, the signal penetration can not only be associated with the surface properties of the sedimentary deposit. Figure 4 presents the penetration at different frequencies. In this graph, the bottom reflector is assumed to be detected by the frequency of 210 kHz, because this is the methodology used in hydrographical surveys (PIANC, 1997) . In addition to these data, the penetrations achieved by the 33 kHz and 3.5 kHz signals, and the thickness of the fluid mud layer (up to 1200 kg/m 3 ), as detected by the Densitune, are plotted. The data support the idea that the higher frequencies attenuate more quickly. In the case of the frequency of 3.5 kHz, the internal characteristics of the deposit were more influential on the process of attenua- tion than the surface sediment physical properties. This pattern differs from the pattern observed for the frequency of 33 kHz, which responded better to the surface characteristics because it has higher resolution.
In the analysis of sediments with different grain sizes, Macedo et al. (2009) found low values of attenuation in the fluid mud when compared with other types. The highest penetrations observed in our data set, which were found at stations where there is fluid mud, are consistent with the results of other studies (Kim et al., 2004; Macedo et al., 2009) , as well as the Biot-Stoll theory, described by Stoll (1980) and reviewed by Akal (2001) . This theory stipulates that sediments with a high concentration of water provide a movement almost in phase to where the wave stimulation occurs, a near absence of viscous dissipation speed, and a low attenuation.
Conventional acoustic records for seabed investigation usually fail to detect slight variations (such as ten or less decimal units of density), unless they pass through a series of processing steps. A comparison of the results presented in Figure 4 with the following graph (see Fig. 5 ) shows that the upper limit of the lutocline is not detected by any acoustic method frequency nor by the densimeter.
These results show the initial detection of the lutocline occurred only using optical methods (data from OBS-3A). The results also suggest that the bottom detection via the acoustic methods used in this study may be indicate a mobile fluid mud layer, depending on the frequency used, on top of the stationary fluid mud, or cohesive bed, which is more consolidated, according to the terms used by Ross & Metha (1989) .
The resolution and sensitivity of different frequency signals in the detection of changes in acoustic impedance explain the echo displacement. The reason certain echo sounder records feature a frequency-based echo displacement and other records feature more noise between the frequencies is complex and is likely related to the geotechnical parameters of the sedimentary deposit. A factor to consider is the consolidation of the muddy layer, which could be related to sediment dynamics. The graph in Figure 1b shows no clear trend between the moment of collection (according to the tidal curve) and the presence of a clearer echo displacement. Stations 3, 4, 7 and 8 (Table 2 ) featured the clearest echo displacement and are locations where the data were collected at approximately slack tide, i.e., when the sediment dynamics are less intense and the settling of particles occurs, creating a denser suspension but lacking the time for the consolidation of the sediment. Thus, it should be noted that the echo displacement (between the frequencies of 210 kHz and 33 kHz) is not always the presence of fluid mud. The interpretation that this echo pattern represents fluid mud may generate errors related to navigation, such as the definition of nautical depth, and to coastal engineering projects, such as the measurement of dredging volumes using only the echo sounder (there is no need to dredge fluid mud because it poses no hazard to navigation). Fontein & Byrd (2007) discuss the issue of maintenance of ports and note that rheological parameters should be considered for delimitation of nautical depth because the same density from different local materials have different resistances to shear. Schettini et al. (2010) found differences in the thickness of muddy packages investigated by these methods (echo bathymetry and densimetry), noting that the thickness of mud mapped by echo sounder were more significant. Quaresma et al. (2011) also succeeded in mapping the thickness muddy layers in a port area through indirect and direct methods. The authors were also able to see the difference between the measured densities and the results provided by the acoustic method. Lambert et al. (2002) studied the variation in the acoustic response signals 30 kHz and 50 kHz, and found that higher frequencies were associated with higher ranges, i.e., the shortest wavelength detects minor variations in sedimentary deposit. A well-illustrated situation regarding this issue was the identification of the halocline with the frequency of 210 kHz in the records of echo bathymetry (Fig. 6a ) of the last four stations. Although the lutocline was not detected, the halocline appeared in the form of a noise recorded in the water column (between 2 and 3 meters) and seems to result from changes in salinity along the water column, which may indicate, with more acoustic studies involving these properties, a greater influence of salinity on the acoustic impedance than the suspended sediment. This type of result has already been studied by processing seismic data, as already shown in some studies (Holbrook et al., 2003; Ruddick et al., 2009) , and suggest that in the future it may be possible to invert of seismic signal amplitudes to estimate the temperature of the ocean.
CONCLUSION
It was observed that different methodologies surveying the same area can yield completely different results. In the analyses, the frequency and physical properties were important in understanding the relationship between surface sediment and acoustic attributes such as reflection and signal penetration.
The stations where fluid mud (lowest surface density) was observed, reflections were weaker due to a lower acoustic impedance contrast, and the penetration of the acoustic wave was higher, in part due to the lower signal attenuation. It is also evident that for a better understanding of the relationship between these properties (signal penetration and sediment density) a more detailed stratigraphic study of the probed section would be necessary. Statistical analysis was used as a tool to support the interpretations made from the geophysical records and the physical properties of the sediments, pointing the density as a determining variable for the interpretation of surface acoustic reflection. These findings indicate the effectiveness of mapping seabed density along geophysical surveys for use in navigation. The average grain size of the sediment was also influential in the statistics for the recognition of different sediment groups.
The recognition of the upper boundary of the fluid mud layer was only possible using optical methods, indicating that the acoustic methods used in this work, despite identifying the occurrence of this material, lack the requisite resolution for more detailed objectives. This result should serve as a serious warning with regard to the delimitation of fluid mud in port areas. However, it is important to highlight the observation of the halocline recorded in the echo sounding data because the difference in acoustic impedance between different salinities is very small.
More detailed studies involving other rheological properties within the stratigraphic column, such as plasticity limits may improve our understanding of the behaviour of acoustic signals.
